Hair follicle dermal sheath (DS) harbors hair follicle dermal stem cells (hfDSCs), which can be recruited to replenish DS and dermal papilla (DP). Cultured DS cells can differentiate into various cell lineages in vitro. However, it is unclear how its plasticity is modulated in vivo. Wnt/β-catenin signaling plays an important role in maintaining stem cells of various lineages and is required for HF development and regeneration. Here we report that activation of β-catenin in DS generates ectopic HF outgrowth (EF) by reprogramming HF epidermal cells and DS cells themselves, and endows DS cells with hair inducing ability. Epidermal homeostasis of pre-existing HFs is disrupted. Additionally, cell-autonomous progressive skin fibrosis is prominent in dermis, where the excessive fibroblasts largely originate from DS. Gene expression analysis of purified DS cells with activated β-catenin revealed significantly increased expression of Bmp, Fgf, and Notch ligands and administration of Bmp, Fgf, or Notch signaling inhibitor attenuates EF formation. In summary, our findings advance the current knowledge of high plasticity of DS cells and provide an insight into understanding how Wnt/β-catenin signaling controls DS cell behaviors.
Introduction
Dermal sheath (DS) is a vital component of HF mesenchyme, which is situated at the outmost of HF and separated from epidermal cells by glassy membrane. Although both cultured murine dermal papilla (DP) and DS cells show potent hair inducing capability in mice, human DS cells rather than human DP cells can successfully produce new hairs in human skins, regardless of immuno rejection (Reynolds et al., 1999; McElwee et al., 2003) . A subset of DS cells are considered as hfDSCs, which can be recruited to replenish DS and DP (Rahmani et al., 2014) . Previous studies strongly suggest DS is a highly 'plastic' dermal compartment. Cultured DS cells display osteogenic, adipogenic, and haematopoietic differentiation potential (Lako et al., 2002; Jahoda et al., 2003) . Furthermore, DS cells implanted into ear and dorsal skin wounds are incorporated into wound dermis (Gharzi et al., 2003) . Interestingly, prospectively isolated DS cells exhibit the ability to generate skin-derived precursors (Rahmani et al., 2014) , which were previously defined to be multipotent precursor cells capable of differentiating into smooth muscle cells (SMCs), adipocytes, peripheral neurons, and Schwann cells (Toma et al., 2001; Fernandes et al., 2004; Joannides et al., 2004; Biernaskie et al., 2009) . The plasticity and immune privilege highlight the clinical significance of DS cells in treatments for hair loss, as well as their potential applications in tissue engineering. We wonder whether DS plasticity exhibited in vitro can be further verified in vivo and whether the interplay between DS and interfollicular dermal fibroblasts exist, which was proposed long before (Jahoda, 2003) .
Wnt/β-catenin signaling is crucial in multiple tissue growth and stem cells maintenance (Clevers and Nusse, 2012; Clevers et al., 2014; Lien and Fuchs, 2014) . β-catenin acts as a central mediator of Wnt canonical signaling through binding with TCF/LEF transcription factors to activate target genes (van Amerongen and Nusse, 2009) . Forced β-catenin activation in a broad cell population of skin fibroblasts (PDGFRα + , HoxB6
+ , or Dlk1 + fibroblasts) can induce skin fibrosis, and moreover, Wnt/β-catenin signaling is crucial for Tgf-β mediated skin fibrosis Hamburg and Atit, 2012; HamburgShields et al., 2015; Mastrogiannaki et al., 2016) , which highlights Wnt/β-catenin signaling convert normal dermal fibroblasts into aberrant dermal fibroblasts full of extracellular matrix (ECM) deposition. But whether the HF dermal compartment DS can contribute to dermal fibrosis is not known. A recent study shows that β-catenin is activated in DS during early anagen and constitutively activation of β-catenin in Col1a2 + DS induces EF (Zhou et al., 2016) . However, severe skin fibrotic lesions are not found in this mouse model and how excessive Wnt/β-catenin signaling in DS regulates outgrowth development is still not clear.
In our study, activation of β-catenin in DS by using αSMA-Cre or SMA-Cre-ER T2 mice is sufficient to induce not only EF but also dermal fibrosis almost concurrently in one mouse model. Furthermore, we find that activation of β-catenin in DS results in the disruption of epidermal homeostasis. Differential gene expression profiling reveals significantly increased expression of Bmp6, Fgf7, Fgf9, and Fgf10 in β-catenin activated DS. We also find Bmp-Smad 1/5/8 signaling is elevated in EF and treatment of Bmp signaling inhibitor LDN-193189 or Fgf signaling inhibitor NVP-BGJ398 attenuates EF formation. Therefore, our study uncovers that Wnt/β-catenin signaling regulates DS plasticity and confers DS hair inducing ability in vivo.
Results
Expression pattern of Cre recombinase under the control of αSMA promoter in hair follicle We utilized previously reported transgenic mice in which Cre recombinase is driven by smooth muscle α-actin (αSMA) promoter (Wu et al., 2007) . αSMA specifically marks DS but not DP, while it is also expressed in vasculature-associated SMCs (VSMC) (Jahoda et al., 1991) . We crossed strain αSMA-Cre with Rosa26-YFP reporter mice to examine the Cre expression pattern. Endogenous αSMA expression and Cre activity are not found in stage 2 hair germs until at bulbous peg stage (Supplementary Figure S1) . αSMA expression in arrector pili muscle (APM) occurs at P4, which is confirmed by co-localization of YFP with an APM marker ITGα8 (Supplementary Figure S1) . YFP expression in DP is also observed in full anagen ( Figure 1A and Supplementary Figure S1O ). In telogen, YFP expression is localized to the cells surrounding the perimeter of DP, however, these cells show faint αSMA expression (Supplementary Figure S1E and Figure S1 ). Cre activity is also present in VSMC ( Figure 1A) . Therefore, Cre expression pattern is largely restricted to DS, VSMC, and APM throughout the hair cycle. Figure 1B and data not shown). However, a large number of spindle-shaped cells sprout into the nearby hypodermis from the lower part of HF mesenchyme in cΔex3 mice at P17 ( Figure 1B) . By P20, the adipocyte layer has been totally replaced by mesenchymal cells with high cellular density and dermal thickness is apparently increased ( Figure 1B and F). Sex difference has no significant effect on this process. The newly formed mesenchymal cells accumulate mature collagen, as indicated by Masson's trichrome staining and Herovici staining ( Figure 1E and Supplementary Figure S2F ). Moreover, a significantly increased percentage of nuclear β-catenin + cells in hypodermis further validates the occurrence of dermal fibrosis in cΔex3 mice ( Figure 1 G and 1 H) . At P15 and P17, cΔex3 mice show a dramatically increased percentage of nuclear β-catenin + cells in DS, compared to controls ( Figure 1G and H), which validates the successful activation of β-catenin in DS. These results suggest that constitutive activation of β-catenin in DS and its progeny gives rise to skin fibrosis, characterized by accumulation of ECM.
β-catenin activated DS cells contribute to aberrant fibroblasts with fibrogenic potential cell autonomously We find proliferation is dramatically increased in both DS and hypodermal ectopic mesenchymal cells of mutant mice compared to controls from P15 to P17, though it is comparable between control and mutant mice at P20 when the ectopic mesenchymal cells have occupied the whole hypodermis (Supplementary Figure S3A and B). Immunostaining assay shows that the majority of ectopic mesenchymal cells are PDGFRα, CD44, and CD26 positive fibroblasts ( Figure 2A , C, and D). Interestingly, αSMA expression is observed in a small subset of these hypodermal fibroblasts at P15, but is absent after P17 (Figure 2A and B) . Next, we tried to determine the origin of the ectopic fibroblasts found in cΔex3 hypodermis. We find that YFP signal is continuously present in the ectopic hypodermal fibroblasts in αSMA-Cre;Rosa26-YFP;Catnb +/lox(ex3) mice from P15 to P20 ( Figure 2E , and data not shown). In BrdU pulse chase experiments (Supplementary Figure S3E) , a significantly increased number of fibroblasts tightly surrounding DP in mutant mice are labeled with BrdU, compared to controls. Besides, there is an obviously increased percentage of BrdU + cells in mutant hypodermis compared to controls, but no significant difference is found in upper dermis (Supplementary Figure S3F , G, and J). As previous work identified the mesenchyme that tightly surrounds DP as a putative hfDSC niche in telogen (Rahmani et al., 2014) , we hypothesize that hfDSCs are likely to be mobilized upon β-catenin activation and divide a limited times to expand the hfDSC pool, and some of the hfDSCs or their progeny may move out the niche to the hypodermis. Then we made SMA-Cre-ER T2 ;Rosa26-YFP; Catnb +/lox(ex3) (iΔex3) mice and performed lineage tracing experiments ( Figure 2F ). DS cells are efficiently labeled 1 day after 4-OHT treatment ( Figure 2G ). Although comparable numbers of sporadic YFP + interfollicular fibroblasts were found in the dermis of both control and iΔex3 mice 7 days after 4-OHT treatment, we observed that some YFP + cells appear to be detaching from DS and become Figure S4E ). These clusters of ectopic mesenchymal cells strongly express nuclear β-catenin, PDGFRα, and CD44 while showing moderate or weak reactivity for CD26 (Supplementary Figure S4E ). Like in cΔex3 mice skin, the adipocyte layer is replaced with ectopic fibroblasts in some regions of iΔex3 mice skin and EF also develops (Supplementary Figure S4A −D). Although we cannot rule out that αSMA + VSMC may differentiate into the activated fibroblasts, we indeed observed aberrant fibroblasts are sprouting from HF mesenchyme in a radial pattern rather than from vasculature in both cΔex3 and iΔex3 mice ( Figure 2E and M). Besides, YFP + ectopic fibroblasts are barely found in both cΔex3 and iΔex3 upper dermis where the upper horizontal plexus and ascending vessels are present ( Figure 2E and M) (Mecklenburg et al., 2000) . Moreover, when tamoxifen was administrated to iΔex3 mice from P22 to P26 (once daily for 5 days), almost all of the DS cells are not labeled as HFs at P22-P26 are in telogen/early anagen or tamoxifen delays normal hair cycle, however, APM and VSMC are efficiently labeled. After a chase for 23 days, YFP + ectopic fibroblasts or dermal fibrosis were not observed (data not shown). Together, β-catenin activated DS cells and their progeny proliferate and differentiate into ectopic hypodermal fibroblasts and contribute to progressive skin fibrosis cell autonomously.
Stabilization of β-catenin in DS cells induces EFs
Another interesting finding is that EFs emerge from the lower half of pre-existing HFs in cΔex3 mice prior to the occurrence of severe fibrotic lesions, whereas the EFs are never observed in the upper half of the HFs ( Figure 1B and F). EFs are induced in all cΔex3 mice that were examined. At P15, the induced EF in cΔex3 mice is comprised of 21.2 ± 1.1 cells. And 28.8% ± 1.5% of the HFs are with at least one EF in cΔex3 mice ( Figure 1C and D). The EFs arisen from distal HFs show strong K14 expression whereas weak K14 staining was found in the ones arisen from proximal HFs, which corresponds to the different expression levels of endogenous K14 along the outer root sheath ( Figure 3E ). We discovered that the EFs do not express appreciable E-cadherin, but express high level of P-cadherin, nuclear β-catenin, and nuclear Lef1, which resembles the initiation of HF ( Figures 1G and 3A −H, J) (Jamora et al., 2003) . Initially, the relatively small projected EFs are enclosed by αSMA + DS cells on one side ( Figure 3F and N). The surrounding DS cells express undetectable level of alkaline phosphatase (ALP) ( Figure 3N ). As the de novo outgrowths develop, αSMA expression becomes faint in the mesenchymal cells at the base of EFs ( Figure 3F ). Instead, these mesenchymal cells express high level of ALP and Lef1, but do not express Sox2 ( Figure 3I , J, N, and O). We rule out that these ALP positive mesenchymal cells are endothelial cells as they do not express CD31 ( Figure 3P ). In αSMA-Cre;Rosa26-YFP;Catnb
triple transgenic mice, we found that localization of YFP in these DC/DP-like cells ( Figure 3R) . Collectively, constitutive activation of β-catenin in DS cells induces EF.
Stabilization of β-catenin in DS cells disrupts epidermal homeostasis and hair cycle Since DS cells lie adjacent to HF epithelial cells, we then wonder whether β-catenin activation in DS cells disturbs epidermal homeostasis. cΔex3 mice display increased proliferation and decreased apoptosis in HF epithelial cells at P17, although this effect is absent or attenuated at P20 (Supplementary Figure S3A−D) . Expression of bulge HFSCs markers including K15, CD34, and NFATc1 is remarkably diminished in a proportion of cΔex3 HFs at P20. In particular, these aberrant HFs are longer than control HFs, apparently show distorted morphology ( Figure 4A ). However, Sox9 expression is not altered in these distorted HFs, compared to controls ( Figure 4A) . We further performed BrdU pulse chase experiment (Supplementary Figure S3E Figure S2F) . To further investigate whether β-catenin activation in DS cells affects subsequent hair cycle after depletion of bulge HFSC/slow cycling cells, iΔex3 mice were injected with 4-OHT from P8 to P10. We find that HFs in iΔex3 mice at P28 are arrested in telogen/early anagen or are even distorted morphologically regardless of the effects of gender ( Figure 4B ). Besides, depilation induced hair growth in iΔex3 mice is impaired ( Figure 4C and D). Taken together, the above data suggest that stabilization of β-catenin in DS cells disturbs epidermal homeostasis and hair cycle.
Skin fibrosis and EFs in mutant skin are not associated with secretion of Wnt ligands To determine whether Wnt ligand secretion by β-catenin activated DS cells contributes to skin fibrogenesis and EF formation in a paracrine manner, we conditionally deleted Wntless (Wls) on the αSMA-Cre;Catnb +/lox(ex3) background using αSMA-Cre;Catnb Figure 5A ). We reanalyzed the sorted DS cells to check the purity by FACS (Supplementary Figure S5A) and and viable unfractionated full skin cells (All). As expected, the sorted DS cells population expresses relatively high level of αSMA, but expresses relatively low level of ITGα8, CD34, ITGα6 (a marker of keratinocytes) as well as two DP markers Versican and CD133 ( Figure 5B ). Gene expression profiling was then performed on three biological independent control DS samples and four biological independent mutant DS samples. By calculating coefficients of determination (r 2 ), the replicates in each group display high correlation, but the comparison between control and mutant samples shows relatively low similarity (Supplementary Table S1 ). Moreover, hierarchical clustering analysis using publicly available microarray datasets indicates both control and mutant DS display unique gene expression patterns that are distinct from wild type DP, epidermis, neonate dermal fibroblasts, telogen dermal fibroblasts, and anagen dermal fibroblasts (Supplementary Figure S5B) (Rendl et al., 2005; Collins et al., 2011) . Comparative analysis between control and mutant samples reveals that a total of 6162 genes are significantly regulated (P < 0.05) by more than 2-fold ( Figure 5C and Supplementary Table S3 ). Wnt target genes (Axin2, c-Myc, and CyclinD1) are upregulated in mutant DS compared to controls, indicating Wnt/β-catenin signaling is activated (Supplementary Figure S5D) . Venn diagrams reveal that 172/395 (44%) of DC signature genes, 71/225 (31%) of DP signature genes, 39/170 (23%) of matrix signature genes, and 87/399 (22%) of melanocyte signature genes overlap with a total of 6162 regulated genes ( Figure 5E and Supplementary Figure S5E) (Rendl et al., 2005; Sennett et al., 2015) . Interestingly, 74.4% of the overlapped DC, 75.7% of the overlapped DP, 51.3% of the overlapped matrix, and 63.2% of the overlapped melanocyte signature genes are significantly upregulated in mutant DS, compared to the control ( Figure 5F and G and data not shown). The upregulated DC/DP signature genes include Sox18, Trps1, Bmp4, and Bmp6 ( Figure 5D ), which are confirmed by qPCR (Supplementary Figure S5D) . Besides, expression of Fgf7, Fgf9, Fgf10, Notch3, Notch4, Jag1, and Jag2 is elevated in mutant DS, but expression of Tgfb1, Tgfb2, Ptch1, and Gli1 is not altered, compared to controls ( Figure 5D and Supplementary Figure S5D) .
Bmp6 was proved as a potent morphogen to maintain DP hair inductive ability (Rendl et al., 2008) . Immunostaining of canonical Bmp signaling mediators phosphorylated Smad1/5/8 (p-Smad1/5/8) revealed that abundant expression of nuclear p-Smad1/5/8 is present in EFs, DS, HF epithelium, and hypodermis in cΔex3 mice ( Figure 6A and B) . This may reflect a response of DS per se, dermal fibroblasts and epidermal cells to the secretion of Bmp4 and Bmp6 by DS and its progeny, which is triggered by β-catenin activation.
Then we performed gene ontology (GO) analysis to understand DS cell behaviors after β-catenin activation from the macroscopic view. Genes related to selected GO terms of interest (P < 0.05) (Supplementary Table S2 ) were used to perform hierarchical clustering. We find general upregulation of genes related to GO terms 'regulation of cell proliferation', 'cell migration', 'ECM organization', and 'actin filament-based process' (Figure 5H−J; Supplementary Figure S5C ). Given that Sox2 + lineage cells are major cellular origin of fibrotic cells in bleomycin-induced skin fibrosis, CTGF (CCN2) is essential for recruitment of these cells to the fibrotic lesions . The upregulated expression of CTGF in cΔex3 DS is probably related with the enhanced DS cells migration in skin fibrosis induced by β-catenin activation (Figure 5D and I; Supplementary Figure S5D) . Expectedly, expression of many ECM-related genes including Col1a1 and Col1a2 is increased indicative of the undergoing fibrotic process in cΔex3 DS ( Figure 5D and Supplementary Figure S5D) . Interestingly, we find 57 β-catenin-responsive genes that are also upregulated in human scleroderma skin compared to unaffected skin (Milano Table S4) . Among these 57 genes, 23 genes harbor highly conserved Tcf/Lef predicted binding sites (Supplementary Table S5 ).
As expression of Fgf7/9/10 and Bmp4/6 is elevated in β-catenin activated DS, we wonder whether Fgf and Bmp act as downstream pathways of β-catenin signaling for the induction of EFs. Control In D, n = 6 for vehicle group, n = 5 for NVP-BGJ398 group. In F, n = 4 for each group. In H, n = 3 for vehicle group, n = 5 for DAPT group. One hundred HFs per mouse were analyzed. Scale bar, 50 μm. (I) Schematic of skin phenotype progression. (J) The schematic illustrates that forced activation of β-catenin in DS induces EFs through the crosstalk between Wnt, Bmp, Fgf, and Notch signaling pathways and induces dermal fibrosis cell autonomously. and cΔex3 mice were treated with FGFR inhibitor NVP-BGJ398 or Bmp type I receptor kinases inhibitor LDN-193189 . Although NVP-BGJ398 only results in a slightly decreased (albeit not significant) overall occurrence rate of EF, it significantly reduces the occurrence rate of multiple germs developed in one HF ( Figure 6C and  D) . And LDN-193189 can significantly inhibit the induction of EF ( Figure 6E and F) . But neither NVP-BGJ398 nor LDN-193189 can prevent the formation of skin fibrosis in cΔex3 mice (Supplementary Figure S6) . Previous studies show that Notch signaling is required for the formation of EF induced by epidermal activation of β-catenin (Estrach et al., 2006; Ambler and Watt, 2007) . Indeed, from the microarray data, we find that the expression of several Notch ligands is elevated. To test if Notch signaling is also required for the induction of EF in our mouse model, the γ-secretase inhibitor, DAPT was topically applied to control and cΔex3 mice back skin. The overall occurrence rate of EFs is significantly reduced in cΔex3 mice treated with DAPT, compared to the vehicle controls ( Figure 6G and H) . As the formation of EFs is sensitive to multiple signaling pathway inhibitors, it is very likely to have multiple players rather than the single one downstream of the Wnt/β-catenin signaling pathway involved in the induction of EFs.
Taken together, these data suggest that the formation of EFs involves the upregulation of DC/DP signature genes, Bmp−Smad1/5/8, Fgf, and Notch signaling. β-catenin activated DS cells undergo reprogramming and show a general upregulation of genes related to cell migration, ECM organization, regulation of cell proliferation, and actin filament-based process, which contributes to the progressive skin fibrosis.
Discussion
Here we report that forced activation of β-catenin in DS cells results in the formation of EFs from the pre-existed HFs, while the activated DS cells differentiate into aberrant fibroblasts and cell autonomously contribute to progressive skin fibrosis ( Figure 6I and J). Although the recent study also reports activation of β-catenin in Col1a2 + DS cells induces EF (Zhou et al., 2016) , the phenotype of Col1a2-CreERT;Catnb +/lox(ex3) mice is different with our mouse models. EFs induced by Col1a2 + mutant DS locate in the distal region of the HF (Zhou et al., 2016) , which is contradictory to our observation that the EFs in our mouse model only occur in the lower half of the HF. It is noteworthy that lower DS has greater hair inducing ability than DP and upper DS cannot induce hair neogenesis after transplantation (Reynolds et al., 1999; McElwee et al., 2003) . Furthermore, severe fibrotic lesion in our mouse model does not occur in Col1a2-CreERT;Catnb
mice (Zhou et al., 2016) . The possible reasons for these differences are: (i) Col1a2 + DS and αSMA + DS may represent two subpopulations of DS respectively. αSMA + DS is verified to exhibit some stem cell properties (Rahmani et al., 2014) but perhaps Col1a2 + DS does not possess high plasticity.
(ii) The Col1a2 promoter may not be so strong as the αSMA promoter to induce the phenotypes. The formation of the EFs is reminiscent of embryonic HF initiation. During HF morphogenesis, hair germ shows nuclear β-catenin, Lef1, and P-cadherin expression together with downregulated expression of E-cadherin (Jamora et al., 2003) . This gene expression pattern is also found in the development of cΔex3 EFs. The uniform dermal Wnt/β-catenin signaling prior to placode formation is essential for the generation of unidentified dermal message, which is critical for epidermal patterning and placode formation (Hardy, 1992; Chen et al., 2012) . The precise nature of the unknown dermal message remains elusive. Ectodermal Wnt/β-catenin activity is present in preplacode and placode, but dermal ablation of Wls does not affect the patterned Wnt/β-catenin activity and placode formation in epidermis (Zhang et al., 2009; Chen et al., 2012; Fu and Hsu, 2013) . Similarly, we find that secretion of Wnt ligands by DS and its progeny is dispensable for EF induction. Previous work showed that Fgf signaling is required for HF initiation and is involved in wound-induced hair neogenesis (Ohuchi et al., 2000 (Ohuchi et al., , 2003 Petiot et al., 2003; Gay et al., 2013) . And exogenous administration of Fgf7 protein on nude mice is sufficient for HF induction and promotes precocious proliferation of secondary hair germ in telogen HFs (Danilenko et al., 1995; Greco et al., 2009) . Moreover, Fgf9 is a downstream target of Wnt/β-catenin signaling in wound healing and ovarian endometrioid adenocarcinomas (Hendrix et al., 2006; Gay et al., 2013) . During epidermal stratification, Fgf7 and Fgf10 are direct targets of Bmp-Smad1/5/8 signaling at the transcriptional level whereas dermal Bmp-Smad1/5/8 signaling is modulated by epidermal Wnt ligands secretion (Zhu et al., 2014) . Indeed, we find a significant increased expression of Fgf7, Fgf9, and Fgf10 in β-catenin activated DS cells as well as their progeny. Intriguingly, Bmp-Smad1/5/8 signaling is activated in DS cells as well as EFs, and administration of Bmp signaling inhibitor or Fgf signaling inhibitor attenuates EFs formation. Given the evidence above, we speculate that stabilization of β-catenin in DS cells stimulates the expression of Bmp6/Fgf9 and also promotes the activation of Bmp-Smad1/5/8 signaling, and then expression of Fgf7 and Fgf10 is triggered by the Bmp-Smad1/5/8 signaling. Subsequently, Fgf7, Fgf9, Fgf10, and Bmp6 may function as a dermal message to induce EFs ( Figure 6J) , though it is possible that other components such as Notch ligands also involve in this process. Therefore, our work not only reveals that β-catenin activation in DS cells is sufficient to induce EFs but also provides a new insight into the possible components of dermal message for EF induction and the hierarchy of different signaling pathways in regulating tissue growth.
When cultured DS cells are implanted into wound sites, DS cells can incorporate into wound dermis (Gharzi et al., 2003) .
Sox2
+ DS/DP cells can leave their niche, migrate towards the wound sites and differentiate into fibroblasts (Biernaskie et al., 2009) . In our study, lineage tracing assay and GO analysis indicate that β-catenin activated DS cells migrate into the hypodermis and differentiate into ectopic fibroblasts. β-catenin is stabilized in the skin fibroblasts of patients with fibrotic diseases as exemplified by systemic sclerosis and localized scleroderma Beyer et al., 2012; Hamburg and Atit, 2012) . In mouse model, stabilization of β-catenin in fibroblasts can induce skin fibrosis via upregulating expression of matrix-encoding genes (Hamburg and Atit, 2012; Hamburg-Shields et al., 2015) . But it is not known whether DS cells contribute to skin fibrosis. Interestingly, stabilization of β-catenin just in DS is sufficient to induce skin fibrosis, which is possibly mediated by upregulating expression of many gene signatures of scleroderma skin, such as ECM-related genes. Besides, the finding that β-catenin activated DS cells and their progeny differentiate into CD26
+ fibroblasts provides a new perspective in understanding skin fibrogenesis and formation of EFs in cΔex3 mice, since CD26 + fibroblasts represent a fibroblast lineage with both intrinsic fibrogenic potential and hair induction capacity (Driskell et al., 2013; Rinkevich et al., 2015) . Considering the potential clinical use of autologous DS cells in treatments for hair loss (Reynolds et al., 1999) or other skin diseases, it is important to understand the mechanisms governing DS cell fate specification in vivo in the future. The finding that constitutive activation of β-catenin in DS (only a thin layer of myofibroblasts around the HF) leads to transient upregulation of proliferation and downregulation of apoptosis in HF epithelium is interesting. It corroborates the report that activation of β-catenin in all fibroblast subpopulations extends anagen (Mastrogiannaki et al., 2016) . The depletion of K15, CD34, and NFATc1 expression and the absence of slow cycling cells in cΔex3 distorted HFs further indicate that epidermal homeostasis is disrupted. We also find that activation of β-catenin in DS disrupts subsequent spontaneous anagen initiation and blocks depilation induced hair growth after the occurrence of skin fibrosis. This is probably due to the drastic changes of HF macroenvironment normally comprised of dermal fibroblasts and adipocytes. As DS lies adjacent to bulge HFSCs in anagen, it is reasonable to speculate that DS may functions as a crucial microenvironment for the maintenance of bulge HFSC. Unlike other bulge HFSC markers, Sox9 is normally expressed in the cΔex3 distorted HFs. As Sox9 is expressed in both quiescent and active HFSCs (Yi, 2017) , we speculate that the quiescent HFSCs are activated and quickly consumed. This is supported by the elevated proliferation of the cΔex3 HFs and expanded expression pattern of P-cadherin.
In summary, our work uncovered that Wnt/β-catenin signaling confers DS cells hair inducing capability and fibrogenic potential leading to EF and skin fibrosis. However, the mechanism by which Wnt/β-catenin signaling modulates the balance between hair inducing ability and fibrogenic potential within DS remains unclear and will be addressed in the future.
Materials and methods
Mice αSMA-Cre (Wu et al., 2007) , SMA-Cre-ER T2 (Wendling et al., 2009) , Catnb +/lox(ex3) (Harada et al., 1999) , and Wls fl/fl (Zhu et al., 2012) mice were described previously. Catnb fl/fl (Brault et al., 2001 ) and Rosa26-YFP mice were obtained from Jackson Laboratory (B6.129-Ctnnb1 tm2Kem /KnwJ and B6.129 × 1-Gt(ROSA) 26Sor tm1(EYFP)Cos /J). All animal studies were approved by the Shanghai Jiao Tong University IACUC and were in accordance with the National Research Council Guide for Care and Use of Laboratory Animals.
Histology and immunohistochemistry
Skins were fixed in 4% PFA in PBS and embedded in paraffin. For frozen sections, skins were embedded in OCT compound (Tissue-Tek). Antibodies and labeling procedures are described in the Supplemental Experimental Procedures. All fluorescent sections were analyzed on a Leica TCS SP5 confocal microscope. All images of H&E, ALP, Masson's trichrome, PicroSirius Red and Herovici stained sections were taken on an Eclipse 80i microscope (Nikon).
In vivo lineage tracing and drug treatment
Mice on P8 received daily intraperitoneal injections with 0.2 mg 4-hydroxytamoxifen (Sigma) for 3 days. Mice on P8 received a dose of 50 mg/kg body weight NVP-BGJ398 (Selleck) or vehicle PEG300/D5W (2:1, v/v) daily by oral gavage for 7 days. Mice on P10 received a dose of 3 mg/kg body weight LDN-193189 (Selleck) (i.p. every 12 h) or vehicle for 5 days. One milligram of DAPT (MedChem Express) dissolved in 1% DMSO/ acetone or vehicle 1% DMSO/acetone was applied topically on the shaved back skin of mice on P12 (every 12 h) for 3 days.
FACS
Cell isolations are described in Supplementary Experimental Procedures. Sorting was performed using a FACSAria II cell sorter (BD Biosciences). Data were analyzed using FlowJo software. Detailed experimental procedures and sorting parameter are presented in Supplementary Experimental Procedures.
Statistical analysis
Data are expressed as mean ± SEM. An unpaired Student's t-test was used to analyze datasets between two groups. *P < 0.05, **P < 0.01, and ***P < 0.001 indicated a significant difference. Statistical calculations were performed using GraphPad Prism 5. For quantification of DS cells or HF epidermal cells, ≥50 HFs per mouse were analyzed. For quantification of mesenchymal cells in hypodermis or upper dermis, 10 independent fields per mouse were examined. Sample size for each experiment is described in the figure legends.
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